More than three decades ago model studies in binary phospholipid mixtures have already shown that differences of acyl chain lengths can trigger lateral heterogeneities (1) (2) (3) . Not much later heterogeneities caused by cholesterol have been described for phospholipid membranes (4) and biological membranes (5, 6 -8) . Later on, the cholesterol-dependent inhomogeneous lateral organization of biological membranes has lead to the concept of so-called "rafts" (9) . Rafts resemble domains that are enriched in phospholipids and/or (glyco)sphingolipids with long saturated acyl and alkyl chains. They are segregated from non-raft domains, which are mainly formed by phospholipids with unsaturated acyl chains. Initially, rafts were defined on the basis of their resistance to extraction by Triton X-100 at low temperature (4°C) (9, 10) . However, it has been shown that detergent-resistant fractions correspond to aggregates of raft domains and hence may not resemble the native state of rafts in the plasma membrane of mammalian cells. In particular, such biochemical approaches may even trigger domain formation (11, 12) . Being aware of those drawbacks and associated artifacts, other methods have been introduced to visualize rafts. Apart from planar lipid mono-and bilayers, giant unilamellar vesicles (GUVs) 2 have become an attractive tool to study lipid domains. GUVs of appropriate lipid mixtures have been shown to form domains with a size in the micrometer scale (13) (14) (15) . These domains can be visualized by various lipid-like fluorophores, which preferentially enrich either in the ld or in the lo domain (16, 17) . Recently, Baumgart et al. (18) have shown that giant vesicles obtained by blebbing of plasma membranes may also form large visible lipid domains allowing studies mimicking the native situation better.
Typically, for cells such large domains have not been observed suggesting that rafts may be organized at the submicroscopic level. Indeed, several attempts to image raft domains in biological membranes suggested that rafts are very small and highly dynamic (19, 20) . To unravel the lateral heterogeneity of cellular membranes, in particular of mammalian plasma membranes, at this scale various techniques of fluorescence spec-troscopy and microscopy have been applied, among them För-ster resonance energy transfer, fluorescence correlation spectroscopy, and fluorescence anisotropy. Based on homoFörster resonance energy transfer and fluorescence anisotropy measurements glycosylphosphatidylinositol-anchored proteins have been suggested to localize in small clusters with about three to four copies (21) (22) (23) (24) . Mathematical modeling of these experimental data is consistent with a domain diameter of ϳ5 nm, which would contain ϳ20 lipid molecules (24, 25) .
Very recently, the first efforts have been made to take advantage of the sensitivity of the fluorescence lifetime to local properties of lipid bilayers for studying lipid domains (26 -28) . The lifetime of the membrane staining fluorophore 1-[2-Hydroxy-
originally developed for probing membrane voltage was lower in the ld phase than in the lo phase (26) . Using headgroup-labeled Rhodamine dioleoylphosphatidylethanolamine (N-Rho-DOPE) de Almeida et al. (27) could distinguish three lipid phases, gel, lo, and ld, in GUVs by fluorescence lifetime imaging microscopy (FLIM). Margineanu et al. (28) have successfully applied a peryleneimide probe to visualize the lo and the ld phase in GUVs by fluorescence intensity and FLIM. They could also show that lifetime was sensitive to cholesterol depletion in the plasma membrane of Jurkat cells. Upon activation of cells, formation of microscopic visible rafts in the plasma membrane with characteristic lifetimes was reported. Although properties of fluorophores such as peryleneimide are valuable for applied methods, for example high quantum yield and photo stability, it would be of particular interest to employ fluorescent phospholipids for biological membranes. Although fluorescent moieties would still interfere with lipid packing in membranes, the use of fluorescent lipid analogues may allow a better approximation of organization and dynamics of endogenous phospholipids. However, analogues with two long fatty acid chains such as N-Rho-DOPE are not well suited for rapid incorporation into intact membranes. In the present study we have used the fluorescent phospholipid analogues C6-NBD-PC and C6-NBD-PS. Those phospholipid analogues with a long fatty acid chain in the sn-1 position and a short chain in the sn-2 position bearing the fluorescence NBD moiety can be readily incorporated into cell membranes (29) . Here we show that the NBD fluorescence lifetime of these analogues depends on the lipid composition and, in particular, on lipid-dependent physical properties of bilayers. Specifically, the lifetime is sensitive to domain localization of the lipid analogues being significantly longer in the lo domain in comparison to the ld domain. As shown for GUVs made from synthetic phospholipids, lifetime imaging of analogues enables the detection of lipid domains at submicroscopic scale. Application of this approach to living HeLa and HepG2 cells revealed that, although the fluorescence lifetime is sensitive to the composition of the plasma membrane, distinct lipid domains as found for GUVs are not detected. However, our data on giant vesicles derived from the plasma membrane of HeLa cells rather support the recent hypothesis (19, 30) that an ensemble of lipid domains being of submicroscopic size exist in the plasma membrane. Preparation of GUVs-GUVs were produced from lipid films dried on ITO-coated glass slides by electroswelling as originally described by Angelova and Dimitrov (31) . In short, lipid mixtures were made from stock solutions in chloroform kept at Ϫ20°C. 100 nmol of lipids (including cholesterol) were mixed in 30 l of chloroform. Single drops of the lipid mixture were spread onto two ITO slides. To obtain homogeneously distributed lipid films the solvent was evaporated on a heater plate at 50 -60°C. To get rid of traces of the solvent glass slides were placed under vacuum (Ͻ10 mbar) for 1 h. The electroswelling chamber was assembled from both lipid ITO-coated slides using 1-mm Teflon spacers. The chamber was filled with 1 ml of prewarmed (50 -60°C) sucrose buffer (250 mM sucrose, 15 mM NaN 3 ) with an osmolarity of 280 mosM. Immediately an alternating voltage (rising from 0.02 to 1.1 V over 30 min) with a frequency of 10 Hz was applied. GUVs formed during 2-h incubation at 50 -60°C. To detach the vesicles a voltage of 1.3 V (4 Hz) was applied for 30 min. The vesicles were stored in the dark at room temperature for up to 4 days.
EXPERIMENTAL PROCEDURES
For FLIM, 75 l of the GUV solution was mixed with 225 l of a glucose buffer (280 mM glucose, 11.6 mM potassium phosphate, pH 7.2). A drop of the sample was placed on a cell culture dish covered with polylysine. Before imaging GUVs were allowed to settle down to the bottom of the dish for 3 min.
Preparation of Cells and Giant Plasma Membrane VesiclesHeLa and HepG2 cells were grown in Dulbecco's modified Eagle's medium containing 4.5 g/liter glucose, supplemented with 10% heat-inactivated fetal bovine serum, and penicillin/ streptomycin and routinely passaged in 25-cm 2 plastic culture flasks (in the case of HepG2 cells coated with collagen A), medium was changed every 3-4 days. Cells were maintained at 37°C under 5% CO 2 .
Cholesterol depletion of HeLa cells was performed by incubating cells for 1 min on ice with 5 mM M␤CD (Sigma-Aldrich) (32, 33) before labeling. For measuring M␤CD-induced cholesterol efflux, HeLa cells were labeled with 1 Ci/ml [ (GPMVs) were prepared from HeLa cells by the formaldehydebased induction of plasma membrane blebbing as described by Baumgart et al. (18) .
Labeling of Cells-NBD-labeled phospholipids were stored at Ϫ20°C in chloroform or chloroform/methanol (1/1). Aliquots were transferred into a glass tube and dried under nitrogen before being resuspended in DPBS at the desired concentration. HeLa cells (5 ϫ 10 4 ) were seeded on 35-mm culture dishes with a glass bottom (MatTek, Ashland, MA) and grown for 1 day. After washing with cold DPBS, cell labeling with C6-NBD-PC was performed for 20 min on ice (final lipid concentration was 0.25 M in DPBS); cells were then extensively washed with DPBS (25°C) and immediately analyzed by FLIM to ensure that NBD-lipids localized essentially in the outer leaflet of the plasma membrane. HepG2 cells were prepared according to the same protocol with minor changes: cells were seeded on poly-D-lysine-coated dishes, grown for at least 3-4 days, the final concentration of labeled lipids was 0.5-1 M, and all washing steps were done with HBSS ϩ . Fluorescence Microscopy and FLIM-Images were taken by confocal laser scanning microscopy using an inverted Fluoview 1000 microscope (Olympus, Tokyo, Japan) and a 60ϫ (numerical aperture 1.35) oil-immersion objective at 25°C, if not stated otherwise. Images with a frame size of 512 ϫ 512 pixels were acquired. For confocal images of NBD-labeled cells the green NBD fluorescence was excited with a 488 nm argon ion laser and was recorded between 500 and 530 nm. FLIM images were acquired by a commercial FLIM upgrade kit (PicoQuant, Berlin, Germany). NBD was excited with a pulsed diode laser (pulse width: 60 ps; pulse frequency: 10 MHz; 4 s/pixel) with a wavelength of 468 nm. Emission was recorded using a 540/40 bandpass filter. Single photons were registered with a single photon avalanche photo diode.
For each image 50 -70 frames were acquired; the average photon count rate was ϳ2-4 ϫ 10 4 counts/s. The images were pseudocolor-coded according to the average lifetime ( av ) of the pixels.
For determination of fluorescence lifetimes ( i ) and respective amplitudes (␣ i ) see below.
Determination of Fluorescence Lifetimes-For the analysis of fluorescence lifetime parameters of NBD analogues in GUVs and GPMVs membranes as well as in cell membrane compartments were selected applying an intensity threshold to exclude fluorescence from background or cytoplasm. If necessary the selection was refined manually to exclude regions not associated with the membrane. For the selected regions of interest an overall fluorescence decay curve was generated by summing up the photons registered for that region. From the decay curve only the part not affected by the instrument response function was used ("tail-fit"; approximately from 3 ns after beginning of the pulse). Using a non-linear least squares iterative fitting procedure fluorescence decay curves were fitted as a sum of exponential terms to obtain the fluorescence lifetimes of the NBD-group,
where F(t) is the fluorescence intensity at time t, and ␣ i is a pre-exponential factor representing the intensity of the time-resolved decay of the component with lifetime i . Typically, appropriate fitting of NBD fluorescence decay in domain-forming GUVs showed three lifetime components. However, for GUVs with homogeneous lipid mixtures (no domain formation) two lifetimes already provided adequate fitting (see Tables 1 and 2 , under "Results"). For fitting of fluorescence decays in cellular membrane, i.e. the plasma membrane and intracellular membranes, three lifetimes were required. However, when fitting decays originating only from analogues in the plasma membrane, two lifetimes provided a sufficient quality of fit. Due to the tail fitting method it is likely that the short component 1 detected for NBD (see "Results") might be underestimated. Quality of fits was judged by the distribution of the residuals and the 2 value.
For construction of lifetime histograms 2 ϫ 2 pixels in the selected regions of interest were binned, and the fitting procedure described above was repeated for each binned pixel using the lifetime parameters obtained from the overall decay curve as starting parameters (see above). In the histograms the intensity weighted frequencies (␣ i ϫ i ) are plotted.
RESULTS

Fluorescence Lifetime of C6-NBD Lipid Analogues in DOPC/
DOPS GUVs-Fitting of fluorescence decays of C6-NBD-PC in DOPC GUVs at 25°C revealed a short and a long lifetime 1 and 2 of ϳ3 ns and 7 ns, respectively (Fig. 1A) . Very similar lifetimes were observed for C6-NBD-PS (data not shown). 2 rep- resents the major component of the fluorescence decays. Variation of the C6-NBD-PC concentration between 0.1 mol% and 1 mol% had no influence on lifetimes and their amplitudes (data not shown). Quantitatively similar components of C6-NBD-PC were found in cuvette experiments with large DOPC unilamellar vesicles. 3 With increasing concentration of DOPS 2 was shifted to lower values (Fig. 1, A and B) . This indicated that 2 is sensitive to physical properties of the membrane depending on the lipid composition.
Fluorescence Lifetime of C6-NBD-PC in SM/Cholesterol-containing GUVs-To assess whether fluorescence decay of C6-NBD-PC is sensitive to physical properties of lipid domains, GUVs of DOPC/SSM/Chol (1/1/1, mol/mol/mol) and of DOPC/DPPC/Chol (1/1/1) mixtures were prepared. GUVs of those lipid mixtures are known to form lo and ld domains at 25°C (15, 34) , which can be visualized by lipid-like fluorophores such as C6-NBD-PC. In Fig.  2A fluorescence lifetime images of GUVs (average fluorescence lifetime) are presented. Note, the brightness reflects the concentration of the analogue, whereas the lifetime is coded by the color. DOPC GUVs (left image) and GUVs of DOPC/SSM/Chol (1/1/8, excess of cholesterol) (right image) show a homogenous distribution of the lipid analogues consistent with the fact that DOPC forms a pure ld phase, whereas the mixture DOPC/ SSM/Chol (1/1/8) forms a pure lo phase. However, the lifetime of C6-NBD-PC in the ld phase is much shorter in comparison to the lo phase (see below). GUVs prepared from 1/1/1 mixtures of DOPC/ SSM/Chol (middle image) or DOPC/DPPC/Chol (not shown) show a heterogeneous lateral distribution of C6-NBD-PC documenting the domain formation. The bright region corresponds to an ld domain, because it is known that C6-NBD-PC recruits in model membranes preferentially to such domain type (16) . Again, the ld domain is characterized by a much shorter lifetime in comparison to the lo domain.
In Fig. 2B a detailed analysis of domain associated lifetimes of C6-NBD-PC in DOPC/SSM/Chol (1/1/1) GUVs is presented. For this purpose, we have also constructed histograms reflecting the distribution and variability of lifetimes (see "Experimental Procedures"). The analysis revealed that 1 (2-3 ns) was insensitive to the domain. In contrast, the longer lifetime 2 was dependent on the lipid domain being significantly shorter for the ld domain ( 2(ld) ϳ 7.0 Ϯ 0.3 ns) than for the lo domain ( 2(lo) ϳ 12.1 Ϯ 0.4 ns). A similar pattern of fluorescence lifetimes was found for DOPC/DPPC/Chol (1/1/1) GUVs (data not shown) providing evidence that the longer lifetime in the lo domain is not due to association of C6-NBD-PC with sphingomyelin but depends essentially on the properties of the phospholipid membrane.
Measurements on DOPC/SSM/Chol GUVs with C6-NBD-PC concentrations in the range from 0.1 to 1 mol% showed that lifetimes did not depend on NBD concentration (data not shown), proving that the differences between 2(ld) and 2(lo) do not ensue from self quenching of NBD in the ld domain. As 1 comprises only a small contribution in each decay curve (relative amplitude Ͻ 5%) it was omitted in the presentation of further results (see also "Discussion"). In Fig. 3 the lifetime histograms of GUVs prepared from different mixtures of DOPC, SSM, and Chol are shown. Representative values of lifetimes are summarized in Table 1 . GUVs composed of 10/0/0 or 4/4/2 DOPC/SSM/Chol showed a homogenous distribution of C6-NBD-PC. Domain formation was not detectable by fluorescence microscopy ( Table 1) . 2 was ϳ7 ns corresponding to 2(ld) . Also, we did not observe any domain formation in 1/1/8 GUV. In this case only a longer 2 equivalent to 2(lo) was found. However, both components, 2(ld) and 2(lo) , were observed for lipid mixtures for which domains were visible by fluorescence microscopy (1/1/1, 3/3/4, and 2/4/4). Notably, 2(ld) and 2(lo) were rather insensitive to the lipid mixture. 2(ld) varied between 7.0 and 7.6 ns, whereas 2(lo) varied between 11.4 and 12.4 ns. The constant lifetimes of ϳ7 ns measured for the ld phase either at low or at high cholesterol concentrations indicate that only minor amounts of cholesterol redistribute to the ld phase formed by DOPC.
Next, lifetime histograms were constructed from the fluorescence decay of C6-NBD-PC in GUVs of POPC/PSM/Chol mixtures with constant PSM content (20 mol%) at 25°C (Fig. 4) .
The cholesterol content varied between 5 and 60 mol%. Although at 5 mol% we found only the short component, 2(ld) , between 20 and 60 mol% cholesterol we observed both components of 2 , 2(ld) and 2(lo) (compare Fig. 4 with Table 2 ). By raising cholesterol concentration from 20 and 40 mol% the relative fraction of 2(lo) increased. At high cholesterol concentration (60 mol%) only minor amounts of 2(ld) could be found. Again, 2(ld) and 2(lo) were rather insensitive to the lipid mixture. Although the presence of 2(ld) and 2(lo) indicated the existence of lipid domains, neither the fluorescence intensity pattern nor fluorescence lifetime images revealed the existence of domains being of microscopic size. Hence, lipid domains are of submicroscopic size. In contrast, at 10°C POPC/PSM/Chol mixtures may form domains in the microscopic range as we have observed for a (1/1/1) mixture (see supplemental Fig. S1 ). However, while for DOPC/SSM/Chol a strong partition of C6-NBD-PC into the ld domain was observed (Fig. 2 , see supplemental Fig. S1 ), the ld domain-specific enrichment is much weaker for the POPC/PSM/Chol mixture. Hence, the partition coefficient for C6-NBD-PC between lipid domains depends on the lipid composition of domains.
Lifetime Analysis of C6-NBD Analogues in Cellular Membranes of HepG2 and HeLa Cells-Upon incubation of HepG2 cells with C6-NBD-PC on ice (see "Experimental Procedures"), essentially the plasma membrane was labeled (Fig. 5A) . Intra- Table 2 .
TABLE 1 Fluorescence lifetimes ( 1 omitted) of C6-NBD-PC in DOPC/SSM/Chol GUVs at 25°C
The concentration of C6-NBD-PC corresponded to 1 mol% of total lipids. For estimation and explanation of 2(ld) and 2 a Typically, GUVs with a lipid composition of 7/2/1 and 6/2/2 were fitted biexponentially. In some cases a triexponential fit could be applied (not shown).
cellular staining was very faint if at all (Fig. 5, A and I) . Analysis of fluorescence lifetime measured at 25°C (Fig. 5A , III and IV) allows distinguishing between several components. Whereas the amplitude of the short lifetime 1 around 2 ns was very small, we observed the longer lifetime 2 with two maxima assigned as 2i and 2p at 6.4 ns and 11.5 ns, respectively (Fig. 5A,  IV) . Image analysis revealed that 2p was essentially found in the plasma membrane while 2i is associated with analogues in intracellular membranes. The larger contribution of 2p with respect to 2i was in agreement with the preferential localization of analogues in the plasma membrane. Notably, if the plasma membrane was selected as the region of interest, then in addition to 1 only 2p was found. Essentially the same pattern of lifetimes was observed when cells were incubated for 1 h at 37°C after labeling (Fig. 5B) . The analogue remained mainly confined to the plasma membrane. Intracellular labeling was slightly enhanced as indicated by an increase of the contribution of 2i . This was due to transport of the analogues along endocytic pathways or some slow redistribution across the plasma membrane. Similar lifetimes were observed for C6-NBD-PS (Fig. 5C) with a maximum at 6.5 ns and 10.9 ns for 2i and 2p , respectively. Again, 2p essentially originated from analogues in the plasma membrane, whereas 2i was from intracellular membranes. However, contribution of 2i was much higher in comparison to C6-NBD-PC reflecting the enhanced intracellular localization of the PS analogue. Intracellular staining was even stronger after 1 h of incubation (not shown), due to an aminophospholipid translocase activity (see "Discussion").
Cellular distribution and fluorescence lifetime pattern of C6-NBD-PC or C6-NBD-PS was very similar for HeLa cells. Fitting of fluorescence decays at the plasma membrane revealed 1 and longer lifetimes, which were similar to 2p of HepG2 cells (Fig. 6 , shown for C6-NBD-PC). Upon depletion of cholesterol by M␤CD, a shift of the lifetime distribution to lower values was observed (Fig. 6) . M␤CD extracted ϳ20% of total cholesterol from these cells (20.4 Ϯ 1.2%, n ϭ 2) as measured after labeling of the cells with [ (18) has shown that giant vesicles can be generated from plasma membranes, which may form lo and ld domains in the micron scale. We applied this procedure successfully to HeLa cells (Fig. 7) . Whereas at 25°C ϳ40% of the vesicles showed domain formation, this fraction increased to over 50% at 10°C. In contrast to GUVs made from mixtures of synthetic lipids (see above), C6-NBD-PC showed some preference to the lo domain at both temperatures (25°C, see Fig. 7 ; 10°C see supplemental Fig. S1 ), as determined by co-staining with N-Rho-DOPE (not shown), which is known to partition into ld domains of GPMVs (17, 18) . However, by selection of regions of interest separate analysis of domains demonstrated lipid domain characteristic values for 2 as observed for GUVs (Table 3 ). In Fig. 7 the lifetime histograms for lo and ld domains as well as their envelope are shown (only for 25°C). We also found domain-forming GPMVs that did not show a domain-specific preference of C6-NBD-PC. In that case domains could be distinguished by fluorescence lifetimes (see arrow in Fig. 7, I and II) . Lifetimes of GPMVs were lower with respect to those found in the plasma membranes of intact HeLa cells. Very likely, preparation of GPMVs affects membrane organization, e.g. as interaction with cytoskeleton and transbilayer lipid asymmetry (18) .
We also analyzed fluorescence decays of C6-NBD-PC in GPMVs for which lipid domains of microscopic size were not observed, neither by intensity nor by lifetime images. Interestingly, the lifetime histogram of those GPMVs was very similar to the envelope histogram of GPMVs forming large domains (Fig. 7) .
DISCUSSION
FLIM Is Suitable to Detect Transient Small Lipid Domains-
To study domains of submicroscopic dimension methods are required of which the resolution does not interfere with the size and the dynamics of those domains. Due to the high time resolution FLIM should be a very suitable method to detect even very small lipid domains. To resolve two distinct lipid environments by FLIM, lipid analogues must not interchange between the environments during emission, otherwise the two different lifetimes would average out. Thus, domains should be stable at least for about three times the fluorescence lifetime of the analogue, e.g. for ϳ30 ns in the case of a C6-NBD-lipid analogue. In this time period, an analogue would diffuse ϳ2 nm assuming a lateral lipid diffusion of ϳ10 Ϫ7 cm 2 /s. Thus, lipid domains as small as ϳ10 nm 2 should be detectable by FLIM. This corresponds to ϳ16 lipid molecules with a surface area of ϳ0.6 nm 2 per lipid. Taking into account that a lateral diffusion coefficient of 10 Ϫ7 cm 2 /s is an upper estimate, domains resolvable by FLIM could be even smaller. Typical values for lateral diffusion of lipid analogues in plasma membranes are between 1 ϫ 10 Ϫ9 cm 2 /s and 5 ϫ 10 Ϫ9 cm 2 /s as measured for fibroblasts (36) and red blood cells (37), respectively. Hence, FLIM should be appropriate to capture even very small lipid domains as long as they are stable for at least 30 ns. However, these estimates show also the limitations of FLIM in that FLIM is not sensitive to domain sizes and lifetime beyond 12 nm and 30 ns, respectively.
Fluorescence Lifetimes of C6-NBD-PC in a Homogenous Environment-In vesicles with a homogeneous environment such as pure DOPC vesicles we observed two lifetimes for C6-NBD-PC, a short ( 1 ) and a long one ( 2 ) around 2-3 ns and 7 ns, respectively. The biexponential decay of C6-NBD-PC in homogenous PC bilayers is in agreement with previous experimental observations (38) . Very likely, 1 originates from the red edge excitation shift of NBD in membranes, as in FLIM imaging the excitation wavelength of the NBD fluorescence is at 468 nm being 3 nm above the excitation maximum (39) . Photons emitted early with a small Stokes shift are preselected and give rise to the faster decaying component 1 . In agreement with the small wavelength difference of 3 nm the contribution of 1 was very small (Ͻ5%). We surmise that 2 is determined by the motional freedom of lipid analogues and, in particular, by that of the NBD moiety. By using 1 H NMR measurements we have recently shown a highly dynamic reorientation of the NBD group of C6-NBD-phospholipid analogue in the membrane due to thermal fluctuations (40) . A broad distribution of the fluorophore in the lipid bilayer was observed with a preferential location of the NBD group in the upper acyl chain/glycerol region confirming earlier studies (41). Fluorescence Lifetimes in DOPC/SSM/Chol GUVs Forming Microscopic Lipid Domains-Indeed, by using GUVs of lipid mixtures forming microscopic domains we found that 2 of C6-NBD-PC was strongly affected by the lipid environment of the fluorophore. In ld domains, the lifetime 2(ld) was ϳ7 ns, similar to that found for pure DOPC GUVs. In contrast, it was shifted to ϳ12 ns in lo domains ( 2(lo) ) reflecting the higher degree of order in those domains. In line with previous results (40, 42) we surmise that the relocation dynamics of the NBD moiety is sensitive to lipid packing and that the increase in the degree of order when going from a ld to a lo phase causes the large shift of 2 toward longer lifetimes. We detected only minor amounts if at all of 2(lo) in the ld domain and no contributions of 2(ld) in the lo domain. This shows that the lo and ld domains are well separated and do not harbor ld or lo domains of submicroscopic size, respectively. This also clearly demonstrates the identical nature of facing domains in both leaflets confirming previous studies on inter-bilayer coupling (13, 14) . Hence, the lateral organization of lipid domains is identical in either monolayer.
At high and low cholesterol concentration we could detect neither microscopic nor submicroscopic domains in DOPC/ SSM/Chol GUVs by FLIM in agreement with previous results (43) . At low cholesterol concentration we found only lifetimes comparable to those of the ld domain ( 2(ld) ) of domain-forming GUVs (see Fig. 3 ). For high cholesterol concentrations lifetimes similar to those of lo domains were measured. Although detection of small submicroscopic lo domains surrounded by a large ld domain might be hampered by the fact that the partition of C6-NBD-PC into ld domains is favored, this is not the case for the opposite. Hence, the absence of a short lifetime component equivalent to 2(ld) at high cholesterol concentration strongly suggests that no ld domains even on the submicroscopic scale have been formed.
Fluorescence Lifetimes in POPC/PSM/Chol GUVs Forming Submicroscopic Lipid Domains-To assess whether lifetime measurements of C6-NBD-PC can resolve small lipid domains not detectable by fluorescence microscopy, we prepared GUVs from various mixtures of POPC/PSM/Chol with a constant content of PSM (20 mol%). Indeed, consistent with previous observations (14, 15, 34, 44 -46) , those GUVs did not form visible domains at 25°C. However, at cholesterol concentrations between 20 and 60 mol%, we found two different lifetimes components (additional to 1 ) similar to 2(ld) and 2(lo) observed for DOPC/SSM/Chol GUVs. This indicates that domains in the submicroscopic region dimensions have formed. Previous studies have already suggested that in such POPC/PSM/Chol mixtures with a cholesterol content above ϳ35 mol% domains of submicroscopic sizes between 20 nm and 100 nm could be formed (45, 46) . The authors surmised that at cholesterol concentrations below 35 mol% domains should be present, although they could not be detected by their approach based on Förster resonance energy transfer between fluorescent lipid analogues. Our FLIM data show that, below 35 mol% cholesterol, domains are indeed present. This is in agreement with our very recent NMR study showing that in POPC/ PSM/Chol mixtures with Ͻ35 mol% cholesterol, domains in the order of ϳ40 to 70 nm 2 are formed (47).
To prove that POPC/PSM/Chol mixtures can form micron scale domains, we studied GUVs with a 1/1/1 mixture at 10°C. Indeed, in agreement with other studies, we found large domains (15) . Interestingly, we observed only a weak preference of C6-NBD-PC for the ld domain. This is in contrast to DOPC/SSM/Chol GUVs showing a strong preference of the analogue for the ld domain at either temperature in agreement with Shaw et al. (16) . However, the domain-specific lifetime of C6-NBD-PC was not affected by the partition behavior.
Fluorescence Lifetimes of C6-NBD Analogues in Cellular Membranes-We observed a bimodal distribution of the fluorescence lifetime 2 of C6-NBD-PC and C6-NBD-PS for HeLa and HepG2 cells. FLIM-based image analysis revealed that the shorter component ( 2i ) corresponds to intracellular membranes, whereas the longer lifetime ( 2p ) is related to the plasma membrane. Support of this conclusion is given by the higher amplitude of the short component in the case of C6-NBD-PS. It is known that PS and respective analogues such as C6-NBD-PS but not PC (analogues) are rapidly transported from the exoplasmic to the cytoplasmic leaflet of the plasma membrane by the aminophospholipid translocase activity in mammalian cells, e.g. for HepG2 (48, 49) and HeLa cells (50) . Even at low temperature, an efficient transport occurs, which leads to intracellular staining already during the labeling procedure. Upon translocation to the cytoplasmic leaflet, C6-NBD-PS redistributes among intracellular membranes. We noted that the plasma membrane-associated lifetime of C6-NBD-PS is slightly shorter than that of C6-NBD-PC. This might be explained again by the fact that a significant fraction of the PS analogue has been transported to the cytoplasmic leaflet sensing the reduced lipid packing of this leaflet as previously shown by biochemical and biophysical studies (36, 37) .
A similar dependence of lifetime on membrane localization has been made for the peryleneimide chromophore in Jurkat cells (28) . The fluorescence decay of this probe was shorter in intracellular membranes with respect to the plasma membrane. Very likely, this difference of lifetimes between intracellular membranes and the plasma membrane is related to the high concentration of cholesterol in the plasma membrane.
As evident from the histograms, the distribution of lifetimes of the plasma membrane of HepG2 cells and HeLa cells was rather broad with a maximum of ϳ11 ns for C6-NBD-PC. This lifetime was similar to that of the lo phase of GUVs. The histograms did not reveal resolvable peaks corresponding to different lifetimes as found for lo and ld domains of GUVs. Nevertheless, several studies suggest that in resting cells rather small lipid (raft-like) domains with only transient stability exist in the nanometer dimension (16, 19, 30, 51) . Sophisticated biophysical techniques and mathematical modeling of generated experimental data have indeed shown that such domains are between 5 nm and 20 nm in diameter (24, 52) . Employing time-resolved Förster resonance energy transfer Sharma et al. (24) concluded that about four glycosylphosphatidylinositol-anchored proteins are localized in small clusters with ϳ40 lipids. Single particle tracking experiments indicated that single glycosylphosphatidylinositolanchored proteins are organized in very small domains (Ͻ10 nm) with a short lifetime being in the order of 0.1 ms (52). This short transient stability is in agreement with electron spin resonance measurements revealing that spin-labeled lipids reside within a typical time of ϳ100 ns in rafts (53) . Based on these characteristic properties of lipid domains and our estimates on the resolution of FLIM measurements (see above), our approach should be suitable to detect even nanometer-sized domains with very short stability. However, we were not able to resolve distinguishable lifetime components in the plasma membrane of cells as those found for domain-forming GUVs. This may support recent skepticism on the existence and relevance of raft domains in biological membranes (54) . On the other hand, alternative explanations that are in agreement with other studies may account for our results. First, one should keep in mind that the cholesterol content is typically very high in the plasma membrane. Based on that, one would expect that the plasma membrane would rather consist of a continuous lo phase with embedded possible small ld domains (55, 56) . This could explain a lifetime histogram of C6-NBD analogues in the plasma membrane centered at values typically found for lo domains of GUVs. Second, we suppose that the data are compatible with a view of a large variety of lipid domains differing in their composition as well as in their properties such as size and stability. This gives rise to an overlapping histogram of domain-specific lifetimes rather than to well resolvable ones. Indeed, the lifetime histograms of the NBD analogues in the plasma membrane are much broader than that in the lo domain of GUVs. Previous reports have already discussed the presence of an ensemble of domains varying in size and composition (19, 30) . Even a very simple model membrane system, which normally only separates into a distinct ld and lo domain, shows a more complex phase behavior if membrane asymmetry is generated (57). Jacobson et al. (30) pointed out that the plasma membrane should be viewed as a lipid-protein composite, rather than a dilute solution of proteins in a lipid bilayer. As recently shown by mathematical modeling, the presence of membrane proteins and their interaction with lipids significantly reduces the ability of lipids to phase separate already at a rather low area fraction (5-10%) covered by proteins (58). Hancock (19) suggested that the two classes of proteins that either can capture and stabilize lo domains and those that are excluded from lo domains represent the two ends of a continuous spectrum of membrane proteins that can give rise to a distribution of intermediate size and stability of domains. Likewise, coupling of the membrane to the actin cytoskeleton may prevent formation of micrometer-scale domains in plasma membranes, which might explain the formation of large domains in GPMVs (18) . Hence, apart from lipid-lipid interactions organization and dynamics of biological membranes are determined by protein-lipid and protein-protein interactions giving rise to a complex network of different lateral lipid arrangements. Indeed, our study on GPMVs provides some experimental evidence for the existence of a variety of lipid domains of submicroscopic size in intact plasma membranes. For GPMVs forming large domains, we could extract lifetimes separately for lo and ld domain. Although the lifetimes of both domains could be clearly distinguished from each other, the difference was much lower in comparison to that found for lo and ld domains of GUVs. This is also evident from the fact that the envelope of the two lifetime distributions of domain-forming GPMVs gives rise to a continuous lifetime distribution but not to a bimodal distribution as found for GUVs. Surprisingly, the envelope was almost identical to the lifetime distribution of GPMVs that did not form any visible lipid domains. This may indicate that in those GPMVs the large domains disintegrated into smaller ones below microscopic resolution, whereas essential physical properties, e.g. lipid packing, are preserved. Being aware of the limitations of GPMVs (18) a similar situation may apply to intact plasma membranes supporting the view that a spectrum of lipid domains differing in their physical properties exist in those membranes (19, 30) .
